ABSTRACT This paper presents a new simulation strategy to be implemented in electromagnetic simulators in order to calculate the level of the induced high-order harmonic components in mono-and bi-layer graphene flakes when they are driven by an input electromagnetic field and to evaluate the frequency response of structures, including graphene. The technique is applied to the design and analysis of a single-stage highorder frequency multiplier capable of generating an output signal in the 220-330-GHz range from an input signal in the 26-40-GHz bands, whose topology is based on a structured graphene sheet enclosed in a waveguide resonant cavity that maximizes the incident electromagnetic field. A prototype was implemented to validate the method, obtaining a good agreement with the simulation results. Furthermore, the prototype was also used to experimentally characterize the performance of the multi-layer graphene sheets. In this case, the developed model is used to calculate the frequency response of the structure, but it is not able to predict the output power since the mathematical model describing the frequency conversion phenomena cannot be extrapolated to the multi-layer graphene. Several configurations were tested in order to determine the influence of the graphene sheet's thickness and shape on the output power. Finally, a −33-dBm level output signal at 280 GHz was generated as the seventh-harmonic component of an input signal with a frequency of 40 GHz, showing that the presented prototype can be used as a signal generator in practical submillimeterwave applications.
I. INTRODUCTION
In recent years, an overwhelming variety of applications in submillimeter and low THz frequency bands have been proposed in technical literature. The non-harmful nature of electromagnetic radiation in these frequency bands, its penetration properties, and the continuously increasing knowledge of the characteristic response exhibited by a wide variety
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of substances and biological entities, makes it very suitable for applications in fields as diverse as security [1] , medicine [2] - [5] , pharmaceuticals [6] , imaging [7] , [8] , or nondestructive testing [9] , among many others. Despite the expected great impact of the potential applications, the cost-effective implementation of signal generators and detectors represents a technological bottleneck which seriously limits their practical development.
Signal generation [10] , [11] and detection [12] , [13] in the submillimeter wave and low THz frequency bands are usually accomplished by using Schottky diodes. The multiplication/conversion efficiency provided by these solid-state devices represents the state-of-art, but it tends to drastically drop when considering multiplication orders greater than 2 or 3. To reach the submillimeter wave and low THz frequency bands from the microwave domain, the described problem is usually overcome by using topologies in which several low-order multiplier stages are interconnected in cascade [14] , [15] . In consequence, the cost and complexity of the resulting topologies generally increase, due to the number of involved components and their required characteristics.
On the other hand, during the last few years, graphene has attracted great interest from the scientific community. Among its unique properties [16] , the generation of an unlimited distribution of odd-order harmonic components with linearly decaying amplitude when a graphene sheet is exposed to an incident electromagnetic field was theoretically predicted [17] , [18] . This capability was experimentally demonstrated through a wide variety of experiments covering from the low microwave region to the optical domain, describing the generation of second- [19] - [22] and third-order [23] - [25] harmonic components, and performing frequency mixing [26] - [28] . Furthermore, several graphene-based transistors [29] - [32] have also been reported.
The cited results were taken as the basis for the development of practical single-stage high-order frequency multipliers [7] , [33] - [36] and sub-harmonic mixers [7] , [37] - [40] , covering the 140 − 500 GHz frequency range, in which structured graphene sheets are used instead of Schottky diodes. The reported performance in terms of the output power, in the case of the frequency multipliers, or the mixing conversion efficiency, makes them suitable to be used in real applications [7] , [36] , [39] , [40] . However, an accurate graphene simulation model was not available and, thus, they were designed following an iterative procedure.
In this work, we propose an approach to model the behavior of mono-and bi-layer graphene sheets in electromagnetic simulators, in order to calculate the level of the induced high-order harmonic components as a function of the exciting field strength, and to determine the frequency response of structures containing graphene. The described simulation strategy will be applied to the design and analysis of a singlestage high-order frequency multiplier based on a waveguide resonant cavity containing a graphene sheet, which generates an output signal in the 220 − 330 GHz frequency range from an input signal in the 26 − 40 GHz band. In addition, the performance of frequency multipliers using multilayer graphene will be experimentally characterized. In this case, the developed model is used to calculate the frequency response of the structures, but it cannot be used to predict the output signal level, due to the lack of a mathematical model describing the harmonic generation in multi-layer graphene.
The work is organized as follows. Section II describes the topology of the proposed experiment and provides the guidelines of the modeling technique. In section III, implementation details are provided and experimental results obtained with mono-and bi-layer graphene are presented. Section IV is devoted to the analysis of several prototypes using multi-layer graphene, focusing on the optimization of the output power and their experimental characterization. Finally, the obtained results are analyzed in Section V. 
II. ANALYSIS OF MONO-AND BI-LAYER GRAPHENE DEVICES

A. TOPOLOGY OF THE EXPERIMENT
The experiment setup is schematized in Fig. 1 (a) . It is composed of a rectangular resonant cavity which hosts the graphene device shown in Fig. 1 (b) . It consists of a W gr wide graphene strip deposited on a 25 µm thickness polyimide substrate with gold contacts at the ends. The relative dielectric permittivity and the loss tangent of the polyimide are ε r = 3.5 and tanδ = 0.008, respectively. The obtained structure is rolled into a tube and the gold contacts are electrically connected using silver epoxy, in order to obtain a closed ring. That ring is introduced in a 300 µm thick holder implemented from acrylic resin, with ε r = 3.4 and tanδ = 0.008. To excite the cavity with a signal at frequency f in located in the 26 − 40 GHz frequency range, it is connected to a standard WR28 rectangular waveguide through a tapered section which progressively reduces the input waveguide height. The output signal, with frequency f out = N ·f in , is generated due to the nonlinear response exhibited by the graphene layer driven by the input signal, and extracted from the cavity through a network composed of a standard WR3 rectangular waveguide section connected to the resonant cavity through a hole with the same cross section as the waveguide. Since the goal is to generate signal in the 220 − 330 GHz range, N = 7 is considered.
First, the waveguide block is designed considering its performance in the input frequency band. The cross section of the cavity is identical to that of the standard WR28 in order to set the frequency of the first resonant mode TE 101 in the 26 − 40 GHz range. A length l = 9.1 mm, taken alongẑ direction, was selected to excite the TE 102 resonant mode at a frequency around 39 GHz, when it is empty. This mode was chosen because it provides two maximum values of the electromagnetic field along the cavity, with opposite phase. In this way, the graphene layer is simultaneously excited at two different points.
The tapered section of the input waveguide was optimized to maximize the cavity quality factor Q, and to minimize the return losses at the input port. Due to its dimensions, the effect of the output WR3 waveguide can be neglected when considering the system behavior in the 26−40 GHz frequency band. The simulated input frequency response, when the cavity is empty, is represented with light grey trace in Fig. 2 , showing that the resonance frequency of the fundamental mode is about 26 GHz, and that the TE 102 mode occurs at 39 GHz. From the −3 dB bandwidth, the Q factor of the later is found to be around 1800. 
B. SIMULATION MODEL
Using the data provided by the graphene manufacturer, the mono-layer film is modeled as a 0.345 nm thickness sheet, with parallel conductivity σ = 6.44 · 10 6 S/m, and perpendicular conductivity σ ⊥ = 0 S/m, whereas the bi-layer film presents a 0.69 nm thickness, σ = 5.79 · 10 6 S/m, and σ ⊥ = 0 S/m. In order to overcome the limitations of the simulation software when assigning non-isotropic conductivity to a non-planar element, the curved regions of the graphene device were decomposed into planar sections, as represented in Fig. 1 (b) .
The input frequency response of the system when the graphene device is placed in the cavity, as a function of the graphene strip width W gr , is represented in Fig. 2 . The strength of the resonant response increases when W gr reduces, which means that the induced electric current reduces and, therefore, the cavity is less disturbed. A tradeoff value W gr = 5 mm was selected to provide an adequate resonant response while the induced current on the graphene sheet is high enough to excite the harmonic generation. Furthermore, due to the losses introduced by the graphene sheet, the quality factor is reduced to about 26, whereas the resonant frequency is shifted down because of the presence of the acrylic holder inside the cavity. The input frequency f in ≈ 33.5 GHz is selected to match the resonance frequency shown in Fig. 2 , which corresponds to the TE 102 mode of the filled cavity. The whole system was also analyzed using the eigenmode solver, revealing the existence of three additional resonances between 42.2 and 44.5 GHz, which are supposed to be caused by the interaction between the conductive graphene sheet and the cavity walls parallel to the XZ plane, and that are not revealed by the driven-mode simulation. Finally, when considering bi-layer graphene, similar performance is achieved reducing the strip width to W gr = 3 mm.
C. ESTIMATION OF THE INDUCED HARMONIC COMPONENTS LEVEL
In order to calculate the output power in the 220 − 330 GHz frequency band, the induced current density J 7 at the 7 th harmonic component of the input signal was calculate as:
where d is the graphene layer thickness, E in is the average value of the electric field tangential to the graphene sheet, and σ 7 is the 7 th order non-linear conductivity of the graphene, which has been calculated following the same procedure used in [17] , [18] :
where v F = 10 6 m/s is the Fermi velocity, n s is the charge carrier density and τ is the electron relaxation time. The values n s = 0.875 · 10 16 m −2 and τ = 1.77 −13 s have been derived for mono-layer graphene using the data provided by the graphene supplier, whereas n s = 1.56 · 10 16 m −2 and τ = 2.3 −13 s were used in the case of bi-layer graphene.
The computed values of the nonlinear conductivity are σ 7 = 5.9 · 10 −35 and σ 7 = 11 · 10 −35 S·m 6 · V −6 for the mono-and the bi-layer graphene, respectively.
Equation (1) is valid under the low field condition [17] , [18] :
whereh is the reduced Planck constant, and e is the electron electric charge. The computed value of E in , as a function of the input signal power P in , is represented in Fig. 3 (a), together with the limits calculated with (3) . From the represented data, the induced current density J 7 at the 7 th harmonic of the input signal is obtained by applying (1). The obtained values are shown in Fig. 3 (b) . It has been taken into account that (3) was theoretically derived assuming an ideal 2D-infinite isolated graphene sheet. Since these conditions cannot be met at any experimental device, deviations from the theoretical behavior are expected. At any case, works [17] and [18] represent the state-of-art about the electrodynamic behavior of grapehene. Finally, the power of the output signal P out , at frequency f out = N · f in = 239 GHz, can be estimated by replacing the graphene layer with a current source working at frequency f out , with nominal current value extracted from Fig. 3 (b) . Once the induced current J 7 can be imposed in simulation, the associated field distribution can be calculated and the optimum connection point between the output waveguide and the cavity can be determined in order to maximize the output signal coupling. Furthermore, the point at which the input waveguide is connected to the resonant cavity can also be modified to minimize the portion of the output signal which is coupled back to the input port. The computed output signal power, evaluated at the output of the WR3 waveguide, is represented with dashed traces in Fig. 4 . Because of the low-field limit, the accuracy of the results cannot be ensured for input power levels greater than 1 W.
III. EXPERIMENTAL RESULTS USING MONO-AND BI-LAYER GRAPHENE A. IMPLEMENTATION DETAILS
A prototype was implemented to validate the described approach. The waveguide block was divided into two halves along the E-plane. They were implemented through a 3D stereo-lithography process using photo-sensible acrylic resin as base material, which was also used to manufacture the graphene device holder. Both parts of the waveguide block were covered with a gold layer with 1 µm estimated thickness by means of a sputtering process. The picture represented in Fig. 5 (a) shows one of the finished waveguide halves with the holder placed inside the resonant cavity.
The procedure followed to implement the graphene device involves several steps. First, a 25 µm thick polyimide sheet was cut to the desired shape. Next, 1 µm thick gold contacts were deposited along two opposite edges of the polyimide sheet. The mono-and bi-layer graphene films were first grown through CVD on copper substrate and then transferred to the polyimide and structured through a laser ablation process. Figures 5 (c) and (d) show pictures of the obtained graphene samples. Finally, the two gold contacts of each sample were joined together with silver based conductive glue, and the resulting structure placed inside the holder, as indicated in Fig. 5 (b) .
B. EXPERIMENTAL RESULTS
The input frequency response of the implemented devices was measured using a conventional Vector Network Analyzer (VNA). It is represented in Fig. 6 together with simulation data. The measurement data reveals the resonances predicted using the eigenmode solver, but not the one derived from the analysis of the reflection coefficient in Fig. 2 , which could be due to deviations between the implemented prototype and the simulated setup.
In order to measure the output power, the prototype was driven by an input signal provided by the VNA and amplified to reach the required input power P in . Although the low field condition calculated with (3) establishes an input signal power threshold around 30 dBm, the minimum considered value is 29 dBm. This is due to the fact that it was experimentally found that lower power levels of the input signal provide an output signal with power under the noise floor of the measurement equipment, which is around −110 dBm. The output signal power was measured using a frequency extender module in combination with the VNA. The obtained results with the mono-and the bi-layer graphene devices are displayed in Figs. 7 (a) and (b) , respectively, for different P in values. Shaded areas relating the input and output frequency values were added to ease the data interpretation. Note that the output signal is only observable at frequency points f out = 7 · f in , being f in a point of the input frequency response for which the graphene is properly driven. Therefore, despite the unexpected measured input frequency response shown in Fig. 6 , the experimental data represented in Fig. 7 is consistent with it, because the graphene is only excited at two (mono-layer) or three (bi-layer) f in points around 42.5 GHz. On the one hand, the measured output power increases with P in , whereas the frequency response reveals the existence of several resonant modes, which is in accordance with the measurement data shown in Fig. 6 . On the other hand, the device presents a narrowband behavior. At this point, it has been taken into account that the graphene is theoretically expected to exhibit a flat nonlinear electromagnetic response from the microwave to the low-THz frequency range [17] , [18] . Therefore, when used in practical applications, the obtained bandwidth is conditioned by the surrounding circuitry. In this particular case, the graphene sheet is excited by the input signal at narrowband input frequency regions, because of the input frequency response shown in Fig. 6 .
The measured output peak power is compared with the theoretically predicted values in Fig. 4 . First, the measured P out values are considerably higher than those theoretically predicted. This is in accordance with the most recently published work about the nonlinear electrodynamic behavior of graphene [41] , which predicts that the harmonic generation is significantly strengthened when the level of the incident electromagnetic field is higher than the limit imposed by (3) . However, at this moment, these theoretical results cannot be used to develop a simulation model, since they have been obtained under certain particular assumptions, such working at T = 0 K, which are not reproducible when developing practical devices. Secondly, the measured output power values are nearly identical for the mono-and the bi-layer prototypes, which is in accordance with (1), considering that d and the computed σ 7 for the bi-layer case are approximately doubled with respect to the mono-layer case. Finally, the slope of the P out vs. P in characteristic is slightly lower than the theoretical value 7. This could be due to a saturation effect related to the low field condition expressed in (3), which establishes that the input power should be considerably lower than 1 W (≡ 30 dBm).
IV. EXPERIMENTAL RESULTS WITH MULTI-LAYER GRAPHENE
The measured output power levels using mono-and bi-layer graphene are too low to be exploited in practical applications. In this section, the design of several multi-layer graphene devices and their experimental characterization will be presented. The goal is to maximize the output power, considering the three factors that are supposed to have the greatest influence, i. e., the level of the induced harmonic components on the graphene layers, the total device losses, and the coupling of the output signal to the WR3 waveguide.
A. MODELING AND IMPLEMENTATION DETAILS
The graphene devices employed in this case are similar to those previously presented, replacing the mono-or the bi-layer sheets with multi-layer films obtained through exfoliation from a Highly Ordered Pyrolytic Graphite (HOPG) block. Due to the lack of a model capable of accurately predicting the performance of multi-layer graphene in terms of harmonic generation, the simulator will only be used to calculate the input frequency response, in the 26−40 GHz range, whereas the output power will be experimentally determined. The multi-layer graphene sheet was modeled as a few-µm thickness layer with parallel and perpendicular conductivity values σ = 2.1 · 10 6 , and σ ⊥ = 500 S/m, respectively. Because of the unavailability of measurement equipment to accurately determine the number of graphene layers at our facilities, the sheet thickness was measured and its effect on the input frequency response was analyzed in simulation by varying it from 1 to 5 µm. From the obtained results, it was concluded that the layer thickness has little influence on the input frequency response. It is justified taking into account that the skin depth evaluated at 35 GHz is about δ ≈ 1.8 µm.
After exfoliating the HOPG and transferring the graphene sheets to the polyimide substrate, they were structured to obtain the desired shape. Regarding the waveguide block, the same structure that has been previously described was used. 
B. PROTOTYPE #1
The first tested device consists of a multi-layer graphene strip with a gap, as shown in Fig. 8 (a) . The device is mounted in the holder and placed inside the cavity as schematized in Fig. 8 (b) , joining together the two ends with silver-based conductive glue. The strip width W gr and the gap width were optimized in order to achieve a strongly resonant response in simulation, obtaining the values W gr = 0.5 mm and W gap = 50 µm.
The simulated and measured input frequency responses are depicted in Fig. 9 (a) . From the simulation data, the addition of the gap enhances the resonant response, and causes the resonance to slightly shift towards higher frequencies. Furthermore, when comparing the measurement and the simulation data, an upward frequency shift is observed, providing a measured resonant frequency f in ≈ 34.5 GHz.
Regarding the performance as a frequency multiplier, the output power as a function of the input power P in was measured, when varying it from 24 to 30 dBm with a 2 dB step. The obtained results are represented in Fig. 9 (b) . As can be expected from the input frequency response, the power peak value is observed at frequency f out = 7 · 34.5 = 241.5 GHz, with a maximum output power P out = −72 dBm. 
C. PROTOTYPE #2
Part (a) of Fig. 10 shows a picture of the graphene device, and part (b) schematizes its assembly on the holder to be inserted in the resonant cavity. The width of the strip is W gr = 0.5 mm. In this case, two coupled lines, designed to resonate at about 30 GHz, were added. Their length and width are L a = 4.62 mm, and W a = 0.3 mm, respectively, and the gap between them when the structure is mounted on the holder is W gap = 0.3 mm. In this case, the location of the coupled lines inside the cavity was selected to be in an area with low input field level.
The measured input frequency response is represented in Fig. 11 (a) , together with simulation data, showing that the resonant frequency is around f in ≈ 34.5 GHz, and that the measured quality factor is higher than that predicted in simulation. On the other hand, the measured output power is shown in Fig. 11 (b) , when the input power P in varies from 20 to 30 dBm in 2 dB steps. The maximum reached value is around −44 dBm, and it is observed at frequency f out ≈ 7 · 34.5 = 241.5 GHz. Furthermore, two additional regions with lower but appreciable power can be observed. They correspond to the 7 th harmonic component of input signals with frequency around 30.5 and 37 GHz, which are also able to excite the graphene device due to the input frequency response.
D. PROTOTYPE #3
The graphene device used in this case is represented in Fig. 12 . Its shape is similar to that used in the prototype #2, but the length of the strip is reduced in half. The strip width W gr = 0.3 mm was selected to maximize the strength of the resonant response. The device is placed inside the cavity as schematized in Fig. 12 (b) , without using the holder. The first one will not be considered in the analysis because the 7 th harmonic component of an input signal with that frequency would be located at f out = 196 GHz, which is out of the nominal working range of the WR3 waveguides and the measurement devices. Since in this case the holder is not used, the simulated input frequency response is quite similar to that of the empty cavity shown in Fig. 2 , with the expected reduction of the quality factor due to the losses of the graphene sheet. Furthermore, the resonant region around 42.5 GHz predicted using the eigen-mode solver is still observable because it is related with the local structures formed by the conductive graphene sheet and the cavity walls. On the other hand, in order to characterize the performance as frequency multiplier, the input power P in was VOLUME 7, 2019 FIGURE 14. Evolution of the measured output power for the mono-and multi-layer prototypes. Note that, in each case, the output frequency is slightly different, depending on the particular input frequency response.
changed from 16 to 30 dBm, with a 2 dB step. The measured response is shown in Fig. 13 (b) . The maximum response is observed at f out = 7 · 40 = 280 GHz, with a peak value P out = −33 dBm.
V. DISCUSSION
From the comparison between the simulation and the experimental data represented in Figs. 9 (a), 11 (a), and 13 (a), the proposed multi-layer graphene simulation model exhibits a reasonably good performance, since it is able to predict the dominant resonances through driven-mode simulations, and the resonant region around 42.5 GHz using the eigenmode solver. Considering the prototypes #1 and #2, the most likely cause to explain the frequency shift of the dominant resonance is the use of an inaccurate value of the dielectric permittivity to model the holder structure. This is coherent with the fact that the deviation observed in the the prototype #3 is considerably lower, because the holder is not used. On the other hand, the resonant region around 42.5 GHz is observable in all the cases, even in the prototype #3, and does not suffer appreciable frequency deviation with respect to the simulated values. The reason is that such resonances are caused by the interaction between the graphene sheet and the cavity walls. Therefore, they mainly depend on the shape and the relative position of the graphene sheet, whereas a deviation on the relative permittivity of the holder material is expected to have a limited impact. Regarding the big deviation between the simulated and the measured input frequency response of the mono-and the bi-layer devices represented in Fig. 6 , note that the only differences between the two devices and the multi-layer prototypes #1 and #2 are the shape and the number of layers of the graphene sheet, i. e., the total ohmic losses from the point of view of the input frequency response. Hence, the shape of the input frequency response and the position of the resonant points are expected to be very similar, as observed when comparing the simulation results presented in Figs. 6, 9 (a), and 11 (a). This fact supports the assumption that the absence of the fundamental resonance at f in ≈ 34 GHz in the measurements of the mono-and the bi-layer devices is due to an incorrect assembly. Figure 14 represents the maximum output power value reached by the tested mono-and multi-layer graphene devices, as a function of P in . The output frequency in each case is slightly different, depending on the particular input frequency response of each prototype. Comparing the performance of prototype #1 with that of the mono-layer device, at P in = 30 dBm, a 30 dB improvement is found. On the one hand, since the structure of the graphene device used in both cases is nearly identical, the performance improvement should be related to the increment in the number of graphene layers, which is aligned with the results presented in [23] , [42] . In this case, we conclude that the output power increases with the number of layers of the graphene sheet due to the constructive combination of the signals induced at each individual one. This trend should saturate for a moderate number of layers (works [23] , [42] estimate the limit to be around n lim = 20) because the innermost layers are not directly excited by the input signal, since it is blocked by the outer layers. However, the results presented in [23] , [42] were obtained in the optical domain. Here, when the number of layers and, thus, the cross section of the graphene device, is increased beyond n lim , the ohmic losses are reduced and the available output power increases. Furthermore, since the slope of the traces at P in = 30 dBm is still positive, the output power could be improved by increasing P in . However, it was found that input power levels greater than 35 dBm cause the destruction of the graphene sheet by overheating. Therefore, P in = 30 dBm was considered as a safety limit.
Secondly, the slope of all the traces associated to the multilayer prototypes is below the expected 7 value, revealing that all the devices are saturated and the induced output signal is the maximum achievable for the considered P in values. Note that the low field condition (3) is not applicable here, since it was derived for isolated ideal mono-layer graphene. Therefore, when comparing the multi-layer devices, it can be concluded that the output power variations are related to the coupling efficiency of the generated signal to the output waveguide, indicating that the performance of the presented devices could still be improved by optimizing the output signal coupling an by improving the thermal extraction capabilities of the devices. frequencies above 100 GHz. The maximum output power generated by the actual device P out ≈ −33 dBm is comparable to that of the other prototypes based on the same macroscopic graphene sheet technology. Therefore, although this value is far from the state-of-art represented by the Schottky diode technology, the proposed device could be used as signal generator in practical applications as the reported in [7] and [8] . The presented results demonstrates the technical viability of submillimeter wave graphene-based devices in short range applications, whereas the economic cost is dramatically reduced with respect to systems based on Schottky diodes.
VI. CONCLUSION
A simulation strategy to model the behavior of mono-and bilayer graphene sheets in electromagnetic simulators has been presented. The method is based on the currently available theoretical description of the graphene nonlinear electromagnetic response. It is able to predict the frequency response of structures using graphene, and to estimate the level of the induced high-order harmonic components. An experimental setup in which graphene layers were enclosed in a resonant cavity was designed to validate the proposed approach. The measured output power levels are considerably higher than those theoretically predicted, which is aligned with the most recently published works modeling the electrodynamics of graphene. The prototype was also used to experimentally characterize the behavior of multi-layer graphene, for which no mathematical model is still available. On the one hand, the variation of the output level with the input signal power reveals that the level of the induced harmonic components is the maximum achievable. On the other hand, the comparison between the mono-and the multi-layer devices performance shows that the output power can be increased using thicker graphene sheets to reduce the total losses. Finally, an output signal at 280 GHz with power around −33 dBm has been obtained, making the prototype usable in practical applications.
